Introduction {#sec1}
============

Emulsions are integral part of products in food, pharmaceutical, and cosmetic formulations, providing physicochemical, sensory, or biological attributes to products, such as stability, flavor, or texture.^[@ref1]^ Because emulsions are thermodynamically unstable,^[@ref2]^ their design relies on the identification of strategies to ensure long-term kinetic stability.^[@ref3]^ Pickering systems^[@ref4]^ present a unique way to enable emulsion stability, that is, forming a mechanical barrier with densely packed particles at the oil--water interface,^[@ref5]^ which may prevent droplet breakage.^[@ref6]^ Pickering emulsions are generally more stable than emulsions stabilized by traditional surfactants because particles are irreversibly anchored at the oil--water interface upon adsorption,^[@ref7]^ even at low particle number density.^[@ref8]^ This is highly desirable for food manufacturers given the need to minimize the concentration of stabilizers in food-grade products. Thus Pickering systems provide a promising alternative in designing and formulating safe and green food emulsions.

Diverse particles have been applied to achieve Pickering emulsions, including graphene oxide,^[@ref9]^ silica,^[@ref10]^ and modified starch,^[@ref11]^ among others. However, most of these particles are either synthetic or chemically modified, undermining classification as green products. In addition, the growing demand of "label friendly" ingredients to formulate emulsions has increasingly drawn the attention of consumers, further stimulating the study of naturally-derived Pickering stabilizers.^[@ref12]^ Cellulose nanocrystals (CNCs) are cellulosic nanoparticles that are efficient interfacial stabilizers.^[@ref13]^ Because of their biodegradability, sustainability, and nontoxicity,^[@ref14]^ cellulose nanoparticles are promising in food-grade Pickering emulsions.^[@ref15],[@ref16]^ The adsorption of CNC at the oil--water interface, forming dense interfacial networks, stems from its intermediate wettability and rod-like structure.^[@ref17]^ Capron and coworkers have recently highlighted the utilization of unmodified CNCs to produce CNC-stabilized Pickering emulsions,^[@ref18]^ which can be also tuned according to CNC's surface charge.^[@ref19]^ Stability is a key indicator of emulsion quality where oil coalescence is unacceptable for consumer products. Commonly, CNC-based Pickering emulsions show creaming or oiling-off after preparation,^[@ref20]^ which is due to the large droplet diameter that results from the limited interfacial activity of CNC.^[@ref21]^ The oil phase usually reported for CNC-based Pickering emulsions usually consists of low-viscosity synthetic oils. In contrast, food-grade oils are generally very viscous; for example, the viscosity of sunflower oil is ∼35 times larger than that of dodecane.^[@ref22]^ Such high viscosity leads to emulsions of characteristic large droplet size; thus, achieving high stability is quite challenging. To improve the properties of CNC-based Pickering emulsions, the CNC stabilizer has been modified chemically.^[@ref23]^ Surface functionalization of CNC by covalent coupling with various hydrophobic alkyl groups has been successfully performed, leading to stable Pickering emulsions comprising submicron droplets.^[@ref24]^ Combining methyl cellulose, tannic acid, and CNC, stable Pickering emulsions can be dried and redispersed in water.^[@ref25]^ Overall, chemical treatment or the addition of nonedible components is undesired^[@ref26]^ and choosing a facile, eco-friendly approach to formulate highly stable, food-grade CNC-based Pickering emulsions remains a significant hurdle.

Compared with chemical approaches, physical adsorption is a promising alternative to modify CNC. Surfactants can engineer the surface chemistry and colloidal behavior of CNCs, a feasible strategy to tune their emulsifying ability and emulsion stability.^[@ref27]^ Cranston and coworkers reported on Pickering systems stabilized by a mixture of CNCs and synthetic cationic surfactants,^[@ref28]^ and emulsions with fine droplet sizes were successfully produced.^[@ref29]^ Unfortunately, most synthetic cationic surfactants are not edible and may even have a negative impact on the environment, undermining their use in green materials.^[@ref30]^

Ethyl lauroyl arginate (LAE), derived from lauric acid, L-arginine, and ethanol, belongs to a kind of amino acid--based cationic surfactant^[@ref31]^ that has recently been approved as "generally recognized as safe" (GRAS) for certain food applications.^[@ref32]^ However, the widespread utilization of LAE in the food industry solely may be limited by its potential to bond to unexpected constituents within the compositionally complicated matrix of food products.^[@ref33]^ LAE can interact strongly with components containing negative charge or hydrophobic groups, leading to adverse consequences for practical application. For example, its interactions may alter the solubility of LAE in aqueous solution, thus affecting the appearance and stability of final products.^[@ref34]^ In particular, LAE is known to bind to anionic biopolymers naturally present within the mouth (e.g., mucins), leading to a perceived bitterness or astringency,^[@ref33]^ which is intolerable. Therefore, the use of LAE is likely to largely depend on its interaction with other components within emulsion formulation. On the contrary, LAE also offers the possibility to functionalize other components in emulsions. Herein, we proposed green, physical CNC modification with cationic LAE to electrostatically enhance the negatively charged CNC, endowing better emulsifying ability without altering their sustainable nature. We hypothesize that the colloidal behavior of CNC/LAE complexes can be controllably tuned at the interfaces, thus providing the unique effect on stabilizing fine oil-in-water Pickering emulsions. To our knowledge, this is the first study to use highly viscous, edible oil as raw material to produce concentrated food-grade Pickering emulsions with tunable stability.

A better understanding of the interaction between CNC and cationic LAE will facilitate the rational design and manufacture of food-grade CNC-based Pickering emulsions. The long-term goal of this research is to introduce improved functionality into high-quality edible and functional Pickering emulsions, for example, with antimicrobial or antioxidant activity.

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

The food-grade cationic surfactant, ethyl lauroyl arginate (Mirenat-G, LAE, C~20~H~41~N~4~O~3~Cl, *M*~W~ = 421.02 g mol^--1^), containing 10.5% LAE in 89.5% glycerol, was provided by Vedeqsa Group LAMIRSA (Terrassa, Barcelona, Spain). Sunflower oil was purchased from local supermarket without further purification. Nile red and Calcofluor white stain were purchased from Sigma-Aldrich (Helsinki, Finland). Milli-Q water was purified with a Millipore Synergy UV unit (MQ, 18.2 MΩ·cm) and used throughout the experiments.

Nanocellulose Preparation {#sec2.2}
-------------------------

CNCs were obtained from ashless cotton fiber filter paper (Whatman 1) by hydrolysis with 64 wt % sulfuric acid at 45 °C and 45 min.^[@ref35]^ In brief, the obtained CNC precipitate was rinsed, centrifuged, and dialyzed until the effluent conductivity was \<5 μS·cm^--1^. After filtering, the CNC suspension was stored in the fridge as stock suspension with 1.08 wt % solid content (pH 2.8). The content of sulfate half-ester groups on CNC surface determined by conductometric titration was 0.19 mmol/g, [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.8b00233/suppl_file/bm8b00233_si_001.pdf). The average dimensions of CNCs were approximately 174 ± 31 nm in length and 7 ± 2 nm in width, as determined by AFM and ImageJ ([Figure S2a](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.8b00233/suppl_file/bm8b00233_si_001.pdf)).^[@ref36]^

CNC/LAE Complex Preparation {#sec2.3}
---------------------------

Concentrated LAE was diluted to 1.0 wt % by adding MQ water. A range of CNC suspension concentrations were prepared by diluting CNC stock, followed by LAE addition. The final concentration of CNC in the complexes was 0.27 wt %, while that of LAE was varied (0, 0.001, 0.005, 0.01, 0.03, 0.05, 0.1, 0.15, 0.19, 0.2, 0.25, 0.3, 0.4, or 0.6 wt %). In brief, after adding LAE to the CNC suspension, the obtained mixture was mildly shaken (vortex) for 20 s, with further sonication (DT 52/H, Sonorex Digitec, Bandelin, Berlin, Germany) for 5 min at 25 °C. The resulting complexes were stored at ambient temperature prior to analysis. Photographs of the appearance of the complex suspension were taken after 12 h of storage.

CNC/LAE-Stabilized Pickering Emulsions {#sec2.4}
--------------------------------------

CNC/LAE-stabilized Pickering emulsions were prepared using equal volume of sunflower oil and the CNC/LAE complex dispersion. The complex dispersions were prepared as above and used immediately after preparation. Practically, sunflower oil was added to the complex dispersion in a plastic tube and sonicated by an ultrasonic device (Sonifier 450, Branson Ultrasonics, Danbury, CT) with a dipping titanium microtip close to the top surface of the emulsions (power level at 40% strength determined by heat balance), alternating 3 s of sonication with 2 s of standby for 60 s.

For visualizing CNCs and sunflower oil simultaneously, the sunflower oil was stained with Nile red before emulsion preparation. 250 μL of Nile red solution (1 mg/mL in ethanol) was added to 5 mL sunflower oil, which was thoroughly mixed at ambient temperature overnight. A similar preparation procedure was used to produce stained emulsions. The dyed emulsion samples were stored at 4 °C before characterization. Photographs of the emulsions were taken within 6 h after preparation. Long-term stability at ambient temperature was monitored, and photographs were taken after 7 and 30 days storage.

Characterization of CNC/LAE Complex {#sec2.5}
-----------------------------------

The ζ potential of samples was measured using a Zetasizer Nano (ZS-90, Malvern Instruments, Worcestershire, U.K.). The samples were diluted with MQ water prior to measurement to avoid multiple scattering effects. All measurements were carried out with freshly prepared duplicate samples, and three runs were performed for each sample.

### Turbidity {#sec2.5.1}

The optical turbidity (at 600 nm) of the dispersions comprising CNC and LAE was measured using a UV-2550 UV--vis spectrophotometer (SHIMADZU, Kyoto, Japan) operated at ambient temperature. The samples were contained within 1 cm path length optical cells. All measurements were carried out on freshly prepared duplicate samples and taken within 2 h of preparation.

### Isothermal Titration Calorimetry {#sec2.5.2}

An isothermal titration calorimeter (VP-ITC, Microcal, Northampton, MA) was used to measure enthalpies of mixing CNC and LAE at 25 °C. Fifty-five 5 μL aliquots of LAE solution (1.8 wt % LAE and 15.34% propylene glycol, pH 3.2) were injected sequentially into a 1440 μL titration cell initially loaded with either MQ water or 0.27 wt % CNC dispersion (both containing 15.3% propylene glycol, pH 3.2). The propylene glycol content of LAE and CNC systems was kept the same to avoid heat of dilution effects. Each injection lasted 20 s, with an interval of 240 s between successive injections. The solution in the titration cell was stirred at a speed of 307 rpm throughout experiments. All experiments were carried out on freshly prepared duplicate samples.

### Surface and Interfacial Tension {#sec2.5.3}

Interfacial tension was measured by the pendant drop method using a contact angle meter (CAM 200, KSV, Finland). Sunflower oil was added to a cuvette, and the transmissivity of the oil container was checked prior to measurement. In brief, a pendant drop of 5 μL of solution, containing pure LAE or CNC/LAE complex, was formed at the end of a low retention pipet tip (Optifit Tip, Low Retention, Sartorius, Finland) immersed in oil phase. After equilibrating the formed drop for 10 min at ambient temperature, the interfacial tension value was calculated according to the droplet shape recorded during equilibration. The surface tension was measured by the same method using air as the continuous phase. All experiments were carried out on freshly prepared duplicate samples.

Characterization of Pickering Emulsions {#sec2.6}
---------------------------------------

### Droplet Size {#sec2.6.1}

The mean droplet diameter and size distribution of Pickering emulsions were measured using a static light scattering instrument (Mastersizer 2000, Malvern Instruments, Malvern, U.K.). Emulsions were diluted with MQ water prior to analysis to avoid multiple scattering effects. The refractive indices (RIs) of sunflower oil and aqueous phases used in the calculations were 1.47 and 1.33, respectively. The mean droplet diameter of each sample was represented as the volume-weighted mean diameter (*D*~43~ = Σ*n*~*i*~*d*~*i*~^4^/Σ*n*~*i*~*d*~*i*~^3^), which was calculated from the full droplet size distribution. All measurements were performed on freshly prepared triplicate samples and taken within 6 h of emulsion preparation.

### Microscopy {#sec2.6.2}

The emulsion droplets were visualized by optical microscopy (Leica DM 750, Leica, Germany) with 40× and 20× objective lens. A drop of emulsion was dripped onto a microscope slide and covered with a glass coverslip (Assistent, Sondheim, Germany). The emulsions were freshly prepared and observed soon after preparation.

The morphology of emulsions after storage (7 days) was examined using confocal laser scanning microscopy (CLSM) with a 60× oil immersion objective lens (Leica DMRXE, Leica, Germany). 100 μL of oil droplets (top layer) was stained with 10 μL of Nile red solution prior to observation. After homogeneously mixing using a pipet and equilibrating for 10 min at ambient temperature, 6 μL of dyed samples was placed on a microscope slide and covered with a glass coverslip. The coverslip was quickly fixed by nail polish to avoid evaporation. The excitation and emission spectrum for Nile red were 488 and 539 nm, respectively.

The simultaneous observation of CNCs and sunflower oil in emulsions was imaged by Zeiss Axio Observer optical microscope (Zeiss, Germany) with a 63× oil immersion objective. Sunflower oil was stained by Nile red before emulsion preparation. The CNCs were stained by Calcofluor white prior to observation. The procedure used for sample preparation was similar to that used for CLSM. The excitation and emission spectra for Calcofluor white were acquired at 365 and 435 nm, respectively. Merged fluorescence images were processed by ImageJ.

Results and Discussion {#sec3}
======================

CNC/LAE Complexes {#sec3.1}
-----------------

As expected, the colloidal stability, ζ potential, and turbidity of CNC (0.27 wt % dispersion) were affected by the addition of LAE ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Initially, the suspensions became increasingly turbid with LAE concentration (0 to 0.01 wt %), but no macroscopic phase separation was apparent ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). This is ascribed to the strong electrostatic repulsion, given the high net surface charge of the system at low LAE addition levels ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). The ζ potential of the system at 0.01 wt % LAE addition was around −60 mV, lower than that of pure CNC (−81.2 mV) but still significantly high to produce electrostatic stabilization. The turbidity at these low LAE concentrations indicated well-dispersed complexes with little or no aggregation ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). At intermediate LAE concentrations (0.03 to 0.20 wt %), large aggregates formed and phase separation was observed ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a), as explained by CNC charge neutralization and possible bridging of the anionic CNC nanorods and the cationic LAE micelles. The turbidity at these LAE concentrations sharply increased, reaching a maximum at 0.19 wt %, which indicated the formation of aggregates that scattered light strongly. Further increase in LAE concentration (≥0.25 wt %) enabled redispersion, as judged by the absence of phase separation; the suspensions were homogeneous and displayed relatively low turbidity. In this concentration regime the complexes were large and displayed strong light scattering but did not settle under gravity. As for the variation in turbidity, the transition point after which the turbidity decreased is related to LAE micellization in the CNC/LAE suspension. Originating from the increased net charge, the formed micelles provide electrostatic repulsion between the complexes. The onset of concentration at which turbidity started to decrease took place at approximately 0.20 wt % LAE, where free LAE micelles form in the aqueous suspension. This value agrees with ITC results ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) that indicated a very close figure, 0.19 wt % LAE concentration. On the contrary, charge reversal occurred for the associative structures at high LAE concentrations, owing to the formation of LAE admicelles or micelle-bound structures that formed on CNC ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). Accordingly, the decreased number of available free sulfate half-ester groups on the CNC, which otherwise may form electrostatic bridges, as has been observed for other systems, promoted the redispersion of the associated structures.^[@ref37]^

![(a) Visual appearance and (b) ζ-potential and turbidity of CNC/LAE complexes in aqueous media at given LAE concentration (wt %). The CNC solids content was kept constant, 0.27 wt %, and the concentration (wt %) of LAE is indicated on top of each sample in panel a. All samples were stored at ambient temperature. (c) Schematic drawing (not to scale) of possible electrostatic binding between the sulfate half-ester on CNC (green) and the guanidinium group of LAE (red).](bm-2018-00233k_0001){#fig1}

![Heat flow profiles from isothermal titration calorimetry (ITC) as a function of time upon injection of LAE solutions to (a) MQ water (no CNC) and (b) 0.27 wt % CNC aqueous suspension. LAE concentrated solution (1.8 wt %) was injected for a total volume of 1440 μL using 5 μL aliquots. The pH of the CNC suspension was 3.2 and temperature was 25 °C. (c) Enthalpy change as a function of LAE concentration in water or CNC suspension is shown after integration. Four titration regions were identified in panel c and divided according to LAE concentrations from ITC results (I--IV). (d) Schematic illustration showing (not to scale) the proposed interactions between CNC and LAE corresponding to each region.](bm-2018-00233k_0002){#fig2}

Notably, the isoelectric point occurred around 0.19 wt % LAE, which was much higher than the value predicted on the basis of charge neutralization (equal molar number for sulfate half-esters on CNC and LAE charges, at 0.022 wt %). This is explained by the balance between free and bound LAE, which governs the amount of LAE that is actually adsorbed on CNC and effective in charge neutralization. Moreover, it is expected that the presence of electrolytes can further increase the required surfactant excess for charge neutralization.^[@ref38]^

AFM imaging was used as indirect evidence to elucidate the changes in the microstructure of pristine CNC and their complexes at various LAE concentrations ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.8b00233/suppl_file/bm8b00233_si_001.pdf)). While the effect of water removal (drying) in acquiring the AFM images is important, one can speculate on some generic observations that point to distinctive changes in the CNC/LAE complexes. At low LAE loadings (0.01 and 0.05 wt %, [Figure S2b,c](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.8b00233/suppl_file/bm8b00233_si_001.pdf)), the system evolved from well-dispersed, individual CNCs to aggregates that coexisted with laterally assembled CNC nanorods. This is attributed to the decreased electrostatic repulsion between the complexes as the LAE molecules interacted with the nanorods ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d). However, the LAE concentration in this stage was not sufficient to fully cover the CNCs or induce interparticle bridging. Therefore, individual nanorods were still observable (AFM imaging). At intermediate LAE concentrations (0.1 and 0.19 wt %, [Figure S2d,e](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.8b00233/suppl_file/bm8b00233_si_001.pdf)), large, irregular and sheet-like clusters were formed owing to the fact that electrostatic repulsion between the complexes was extremely low at these concentrations. In addition, the bridging and intermolecular assembly of CNC via hydrophobic interactions between alkyl groups of LAE bound on the CNC surface could promote complex aggregation ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d). At further increased LAE concentration ([Figure S2f](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.8b00233/suppl_file/bm8b00233_si_001.pdf)), complex aggregation was still observed but displayed a characteristic reduced size. This is likely the result of free LAE micelles that existed in the aqueous phase and that were effective in separating the aggregates, as discussed above and schematically shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d, IV. The proposed morphological transitions can also be partially explained by the energetically favorable formation of complex structures in solution.^[@ref39]^ Overall, taken the AFM images as indirect evidence, there is an indication of the redispersion of CNC/LAE complexes at high LAE concentrations. This is in agreement with the turbidity measurements which demonstrate the possibility of tunable colloidal properties.

Isothermal titration calorimetry (ITC) was applied to reveal the different interaction regimes based on the evolution of enthalpy changes, *Δ*H**, upon titration of an aqueous CNC suspension with LAE ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). As a reference, the typical heat flow versus time profile after the stepwise addition of concentrated LAE solution into water is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, similar to other reported results^[@ref40]^ but noting variations originating from the measuring conditions and instrument used.^[@ref41]^ The relationship between enthalpy changes, measured by the titration with LAE of either water or CNC aqueous dispersions, was derived from the calculation (integration) of the heat flow versus time profiles ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). According to [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, the critical micelle concentration (CMC) of LAE determined from the inflection point in the *Δ*H** versus concentration profile was 0.18 ± 0.01 wt %.^[@ref40]^ In the presence of 0.27 wt % CNC ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), a distinct change in the *Δ*H**--time profile occurred, indicating strong interaction between CNC and LAE. From the CNC/LAE profile shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, four interaction regimes can be distinguished, which are shown schematically in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d.

### Region I at LAE \< 0.05 wt % {#sec3.1.1}

In this region, in the presence of CNC, the enthalpy change was endothermic, but it was considerably less compared with the values obtained from similar experiments in the absence of CNC (pure water). This implies a net exothermic interaction between LAE and CNC given the strong electrostatic attraction between negative sulfate half-ester groups on the surface of the cellulose nanorods and the positive guanidinium headgroups of LAE.^[@ref42]^ It can be speculated that the electrostatically driven binding leads to the formation of adsorbed LAE on the surface of CNC ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d), probably in a non-associated form, given that the concentration was too low for LAE to otherwise associate as micelles or admicelles.

### Region II at 0.05--0.08 wt % LAE {#sec3.1.2}

In this regime, the enthalpy change was endothermic in the presence of CNC but less than that observed at the lower LAE concentrations. This indicates still exothermic (electrostatic) interactions between LAE and CNC. As the *Δ*H** showed a plateau in this region, the reorganization of LAE molecules on CNC surface was also considered to be induced by hydrophobic interactions of alkyl chains so as to reduce the thermodynamically unfavorable contact of LAE tails with water molecules,^[@ref43]^ as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d. At the end of this regime, CNC should be fully covered with LAE molecules. A four-fold higher value was determined for LAE saturation concentration on CNC surfaces from ITC experiments compared with the theoretical value (0.022 wt %), which indicates that not all LAE molecules absorbed after injection but partioned at the air-water interface, thereby  increasing the amount of LAE needed for CNC charge neutralization.^[@ref44]^ A dynamic partitioning equilibrium may exist for LAE molecules between the CNC surfaces, air--water interface, as well as free and associative structures in solution.

### Region III at 0.08--0.25 wt % LAE {#sec3.1.3}

The enthalpy change was gradually decreased at further LAE addition levels, possibly indicating little direct interaction between CNC and the surfactant molecules. In this regime it is possible that bilayer, patchy bilayer,^[@ref45]^ or admicelle morphologies occurred, driven by the strong interactions of alkyl chains of LAE, via positive-cooperative binding,^[@ref46]^ as illustrated in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d. The increased local concentration of LAE molecules around the cellulose nanorods also promoted the formation of LAE micelles on CNC surface. This is akin to a polymer-induced micellization due to locally increased surfactant concentration around the CNC surface and occured at a concentration lower than the CMC of the surfactant.^[@ref47]^ The aggregation and bridging of micelles bound to CNC may have also occurred in the form of large aggregates, containing several cellulose nanoparticles. Because CNC is a rigid, rod-like nanocrystal, it is unlikely to wrap around LAE micelles, as flexible polymers do.^[@ref48]^ Thus it is suggested that CNC rods were bridged by LAE micelles, given that this is energetically favorable.

### Region IV at LAE \> 0.25 wt % {#sec3.1.4}

In this regime and with increasing LAE concentration, the enthalpy change became progressively less endothermic, following a similar trend as that observed in experiments with water but at higher LAE concentrations, suggesting that the enthalpy value was only related to the dilution of LAE micelles. It can therefore be reasonably postulated that the concentration of free LAE molecules in aqueous phase increased above the CMC in this region so that any additional LAE titrated into the reaction cell remained in the form of free micelles.

Finally, we note the limitations of the ITC technique because it only presents the overall enthalpy change within the system, meaning that it is incapable of accurately isolating the contributions of micelle dissociation, monomer binding, micelle binding, as well as aggregation and bridging of CNCs.^[@ref48]^ Therefore, other complementary analytical techniques may be relevant to further inquire into the interactions between CNC and LAE.

Surface and Interfacial Behavior of CNC/LAE Systems {#sec3.2}
---------------------------------------------------

The surface (air--water) and interfacial (sunflower oil--water) behavior of the complexes was investigated by experiments with the pendant drop technique ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, the surface tension of pure LAE decreased gradually with concentration until reaching the CMC; it then leveled off to a plateau value of ∼26 mN/m. The CMC of LAE was determined to be 0.19 wt % from the intersection between the extrapolated profiles from high and intermediate LAE concentrations, very close to the CMC determined from ITC. In the presence of 0.27 wt % CNC, an increase in surface tension at similar LAE loadings resulted in the entire curve shifting to the right, which showed a plateau at 28 mN/m. The apparent CMC value of the complex increased to ∼0.3 wt % (intersection of red dotted lines, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). This behavior is different from flexible or long-chain fibers that can shift the CMC to lower concentration by promoting surfactant partitioning at the air--water interface.^[@ref49]^ In contrast, short rod-like CNC can bind LAE molecules by electrostatic interactions that may not be able to wrap around the nanoparticles, thereby reducing the number of LAE molecules that are partitioned at the air--water interface; namely, the amount of total LAE needed to form free micelles in water is increased.

![(a) Surface (air--water) and (b) interfacial (sunflower oil--water) tension of pure LAE and CNC/LAE systems at different LAE concentrations. The CNC concentration was 0.27 wt %. In (a) and (b), the upper, red dotted lines intersected at the apparent value for CNC/LAE association concentration. In (a), the lower blue dotted lines intersected at the expected CMC value for LAE. All measurements were performed at ambient temperature.](bm-2018-00233k_0003){#fig3}

The interfacial tension measured for the complexes with LAE at low concentration (\<0.05 wt %) was larger than that in the absence of CNC ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). However, the two profiles cross at higher concentrations, indicating that the complexes could significantly reduce the interfacial tension at sunflower oil--water interface. This is a key factor affecting emulsion formation. Notably, CNC alone can actually reduce the interfacial tension at the oil--water interface, but higher concentrations are needed.^[@ref28]^ It can therefore be inferred that the low amount of CNC (0.27 wt %) used in the current system hardly affected the interfacial tension, leading to the fact that the enhanced surface activity resulted from hydrophobic modification of CNC with LAE. It was also the main reason facilitating the partition of the complexes at the oil--water interface. Overall, the investigation of the properties of CNC/LAE complexes in suspension and at the oil--water interface indicated their possibility to act as an interfacial stabilizer in Pickering systems.

CNC/LAE-Stabilized Pickering Emulsions {#sec3.3}
--------------------------------------

Pickering emulsions prepared from equal volume of CNC/LAE suspensions and sunflower oil (water-to-oil ratio, WOR = 1) were prepared using 0.27 wt % CNC and various LAE concentrations ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, Pickering emulsions stabilized with CNC were possible but unstable. The coalesced oil adhered to the vial surface soon after preparation. At such low CNC concentration and relatively high oil volume, the oil droplets were difficult to be observed.^[@ref18]^ In the presence of LAE, the complexes with CNC led to stable (no oil coalescence) oil-in-water Pickering emulsions. Slight creaming with the formation of a bottom-aqueous serum was displayed only at low LAE concentrations (0.001 to 0.03 wt %), indicating the good emulsifying ability of CNC/LAE complexes for stabilizing the sunflower oil, which is rather viscous.

![(a) Visual appearance, (b) mean droplet diameter (*D*~43~), and (c) droplet size distributions of CNC/LAE-stabilized oil-in-water Pickering emulsions containing 50% v/v sunflower oil at different LAE loadings. The concentration (wt %) of LAE is indicated on top of each sample in panel a. The photographs in panel a were taken within 3 h of emulsion preparation. The insert in panel b is an enlargement of the indicated area at low LAE concentration. To facilitate comparison in panel c, the profiles for the different systems (as indicated by the LAE concentration on the right) were shifted in the vertical axis.](bm-2018-00233k_0004){#fig4}

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b indicates that the mean droplet diameter (*D*~43~) of the Pickering emulsions could be tuned by the amount of LAE in the complexes. At intermediate LAE loadings, the net surface charge of the complexes was negligible ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b); therefore, the absence of a strong electrostatic repulsion prevented the stabilization of the newly formed Pickering droplets; that is, coalescence occurred during droplet formation. Additionally, it is possible that the large size of the complexes limited the diffusion from the aqueous phase to the newly formed interfaces, leading to significant coalescence of the oil droplets formed soon after sonication. Nevertheless, the emulsions appeared to be homogeneous at such concentrations even if they displayed large oil droplet sizes, owing to the high viscosity of the oil and prepared emulsions, which could temporarily restrict the ascending movement of droplets during short storage time (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.8b00233/suppl_file/bm8b00233_si_001.pdf) for the apparent and shear viscosity of CNC/LAE-stabilized Pickering emulsions under shear condition typical of food processing). It can be expected that a suitable coverage at the interface will reduce coalescence once sufficient CNC/LAE is adsorbed at the interface. For instance, at low LAE concentrations, the surface charge of the complexes was sufficient to prevent droplet coalescence, and the higher diffusion rate of the small complexes could also contribute to oil droplet stabilization during emulsification, thereby producing smaller droplets compared with those observed for emulsions at intermediate LAE concentrations. However, it should be noted that the droplet size was still large, possibly due to the strong surface charge of the complexes that prevented better packing at the interface covering the oil droplet. Increasing the LAE concentration to \>0.25 wt %, small complexes formed, the electrostatic repulsion and the free LAE molecules in water could all work synergistically to stabilize Pickering emulsions with very fine droplet sizes without creaming. The droplet size at high LAE concentration was smaller than that determined at low LAE loading ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b), which may be due to the reduced interfacial tension at the oil--water interface and the net surface charge. That is, the complexes formed at high LAE loadings were more efficient to reduce the interfacial tension at the oil--water interface ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b), thereby producing smaller droplets under similar emulsification conditions. Moreover, the relative lower surface charge at high LAE levels resulted in more packed arrangement of the complexes at the interface ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b), effectively restricting droplet coalescence.

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c shows the droplet size distribution of Pickering emulsions formulated with CNC and different amounts of LAE. The droplet size distribution produced for LAE concentrations between 0.001 and 0.25 wt % was unimodal. However, between 0.05 and 0.2 wt %, the width of the peaks was larger compared with that at other concentrations, indicating the effects of size polydispersity. This significant variation of droplet diameter may result from the uncontrolled coalescence of newly formed droplets during formation, which could be further evidenced by droplet morphology ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). At high LAE loadings, the droplets showed a bimodal distribution, implying possible differences in the mechanism of droplet formation, as will be discussed in detail in the following section.

![Optical micrographs of CNC/LAE-stabilized Pickering emulsions containing 50% v/v sunflower oil at different LAE loadings. LAE concentration is indicated below each image. The scale bar is 100 μm. A micrograph of the emulsion stabilized with CNC/LAE (0.6 wt % LAE) is shown with higher magnification (scale bar of 20 μm). All samples were stored at ambient temperature before testing.](bm-2018-00233k_0005){#fig5}

Emulsion Morphology {#sec3.4}
-------------------

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows the morphology of CNC/LAE-stabilized Pickering emulsions. All images were taken within 3 h after preparation to avoid macroscopic instability. The droplets were spherical in shape and their size presented similar evolution ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). Not surprisingly, for several samples, the size of the droplets assessed by optical micrographs was slightly different from that determined by light scattering. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} also shows that the emulsion containing only CNC was nonhomogeneous, indicating the poor stabilization of the highly charged CNC. When mixed with LAE at concentrations \<0.03 wt %, the droplets were well-dispersed and showed similar droplet diameters, which are in agreement with observations in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. This confirms that LAE can promote the formation of CNC-based Pickering emulsions, even with little addtion. After adding LAE over 0.05 wt %, the size of the droplets increased sharply: large oil droplet clusters were formed in the emulsions showing polydisperse distributions. Thick droplet boundaries could be distinguished (0.19 wt % LAE), implying that interfacial layers formed by the complexes were sufficient to resist droplet breakage during preparation and short storage time. After further increasing LAE concentration beyond 0.25 wt %, the trend in oil droplet diameter reversed and it became smaller and homogeneous, demonstrating the high efficiency of the complexes in producing Pickering emulsions. Droplets with sizes on the order of 2 μm could be observed (see profiles in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c and the inset of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b), confirming the formation of a bimodal system. Overall, the incorporation of LAE into a CNC suspension, forming CNC/LAE complexes, greatly improved the emulsifying ability of cellulose nanoparticles and led to stable Pickering emulsions with tunable droplet size.

Emulsion Stabilization Mechanism {#sec3.5}
--------------------------------

The approximate O/W interfacial area and CNC surface area were determined to inquire into the possible emulsion stabilization mechanism. According to previous work,^[@ref18]^ the total % coverage *C* of CNC-stabilized droplets can be determined as followswhere *m*~*p*~ is the mass of CNC/LAE complex, *D* is mean droplet diameter (*D*~43~), *h* is the thickness of the CNC/LAE adsorbed complex (6 nm obtained from AFM), ρ is the density of the complex (1.6 g/cm^3^), and *V*~oil~ is the volume of oil used in the emulsion (sunflower oil). It should be noted that the density ρ used in this calculation for the associative structures was taken as that of pure CNC, which is only an approximation (the actual density is expected to decrease with LAE addition). The volume of water and oil phases in the emulsions is equal (water-to-oil ratio, WOR = 1). As such, if the oil droplet surface was fully covered by the complexes, then the minimum mean diameter should be ∼21 μm. On the contrary, ∼84% surface coverage has been considered as sufficient to produce stable Pickering emulsions with cotton-derived CNC.^[@ref50]^ On the basis of this assumption, the amount of complexes used in this work was sufficient to stabilize droplets as small as ∼25 μm.

We followed the location of CNC to explore the stabilization mechanism in the Pickering emulsions. CNC was dyed with Calcofluor white, rendering it blue in the microscope images, and oil was stained with Nile red (shown in red). [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows the micrographs of stained oil droplets, dyed CNC, and corresponding merged fluorescence images. The possible stabilization mechanism for Pickering emulsion stabilized by the complexes is shown schematically in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. At low LAE addition ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a), CNCs were both adsorbed at the oil--water interface and distributed in the aqueous phase. The distribution of CNC in the aqueous phase may be ascribed to the strong electrostatic repulsion between CNCs, resulted from the high residual negative charge after interacting with LAE molecules. Such factors limited CNC adsorption at the interface. Furthermore, our calculation above suggested that less CNC is needed for full coverage of the droplets. Considering the ζ-potential of the emulsions ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.8b00233/suppl_file/bm8b00233_si_001.pdf)), we suggest that the droplets were stabilized by the complexes containing partially neutralized CNC at low LAE addition ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). This assumption may be further confirmed from the ITC experiments and by the fact that the emulsions were unstable when CNC was used alone.^[@ref18]^ Adding intermediate amounts of LAE ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b,c), CNC adsorbed at the oil--water interface; however, in this case the droplets clustered, forming large oil domains. It is worth noting that no CNC was found dispersed in the aqueous phase. Although the complexes were all adsorbed at the oil--water interface, their aggregated forms resulted from low surface charge and decreased effective coverage, leading to much larger droplet sizes than predicted. As shown in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.8b00233/suppl_file/bm8b00233_si_001.pdf), emulsions prepared with 0.05 wt % LAE showed droplets that were negatively charged, but charge reversal occurred at 0.1 wt %, which may be correlated to the ITC results ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}); that is, CNCs were nearly neutralized at 0.05 wt % LAE, but bilayer or admicelles formed on the surface of the CNC at 0.1 wt % LAE. Accordingly, we speculate that at increased LAE concentrations the complexes that stabilize the droplets may undergo a transition from nearly neutralized CNC aggregates to CNC aggregates containing adsorbed surfactant bilayers or admicelles ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}).

![Fluorescence micrographs of CNC/LAE-stabilized Pickering emulsions containing 50% v/v sunflower oil in the presence of CNC (0.27% concentration) and LAE at (a) 0.001, (b) 0.05, (c) 0.1, and (d) 0.6 wt %. The left and middle rows are the images obtained from staining the oil phase and from the dyed CNCs, respectively. The right row is a composed image after merging the other two. The sunflower oil was stained with Nile red before emulsion preparation, and CNCs were dyed with Calcofluor white prior to observation. The dotted circles in panel c are used to highlight the oil droplets. The scale bars correspond to 20 μm. All samples were stored at ambient temperature.](bm-2018-00233k_0006){#fig6}

![Schematic illustration (not to scale) of the formulation, preparation, and oil droplet stabilization via electrostatic interactions involving CNC and LAE. The proposed Pickering emulsion stabilization mechanism at different LAE loading levels is introduced.](bm-2018-00233k_0007){#fig7}

The fluorescence micrograph in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d indicates a bimodal system, also shown in the optical micrographs. As can be seen in this figure, most of the large droplets and part of the small ones displayed clear blue contour, implying that CNC was adsorbed at the interface. Notably, no blue contours around some of the small droplets were observed, possibly indicating that these droplets were not stabilized by the complex but by the surfactant alone. Indeed, the calculated minimum droplet diameter (even at 100% coverage) indicated that CNC alone may not be able to stabilize all such small droplets. To investigate the composition of the interfacial layers in small droplets, sunflower oil-in-water emulsions were prepared in the absence of CNC, with LAE alone ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.8b00233/suppl_file/bm8b00233_si_001.pdf)). As shown in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.8b00233/suppl_file/bm8b00233_si_001.pdf), the prepared emulsions, with or without CNC, showed similar droplet diameter, ∼1 μm. We note that free LAE molecules were present in the aqueous phase at LAE concentration \<0.25 wt % ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d). Consequently, it is reasonable to propose that the oil droplets were stabilized by both the complexes containing fully covering CNCs, and by LAE surfactants, producing a biomodal emulsion system ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). Such dual-droplet system has not yet been fully explored but may be of potential interests in the design and manufacture of heterogeneous emulsion-based materials.

The observations in the present system differ from results obtained with synthetic cationic surfactants in the presence of CNC, which at high surfactant loadings preferentially stabilized the oil--water interface (stronger affinity to the interface).^[@ref38]^ However, a consideration to be highlighted is the type of oil used: In the noted work, dodecane was the oil phase (equivalent alkane carbon number, EACN = 10), which favors better surfactant adsorption than sunflower oil (EACN ≈ 14). Indeed, tests with dodecane oil indicated agreement with the previous observations ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.8b00233/suppl_file/bm8b00233_si_001.pdf)): In the merged micrographs, the CNC/LAE complexes were distributed non-homogeneously in the aqueous phase rather than adsorbed at the oil--water interface. Thus, the fine dodecane droplets were stabilized by LAE alone. Considering the dramatic difference between dodecane and sunflower oil and the above results, we hypothesized that sunflower oil affected the behavior of the Pickering emulsions, inducing a synergistic stabilization via the CNC/LAE complexes as well as LAE molecules at high enough LAE concentrations.

Long-Term Stability {#sec3.6}
-------------------

The long-term stability of sunflower oil-in-water Pickering emulsions stabilized by the CNC/LAE complexes was evaluated after storage for 7 and 30 days ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.8b00233/suppl_file/bm8b00233_si_001.pdf)). Emulsions stabilized by CNC only showed extensive oil coalescence after storage, indicating poor stability. In the presence of 0.05 and 0.1 wt % LAE, significant oil coalescence was observed, with large oil droplets dispersed within and on the top of emulsions after 7 days. This is ascribed to the limited electrostatic repulsion that otherwise prevents droplet coalescence ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.8b00233/suppl_file/bm8b00233_si_001.pdf)). After 30 days, the oiling-off of these emulsions was obvious ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.8b00233/suppl_file/bm8b00233_si_001.pdf)). For other emulsions (except for 0.6 wt % LAE), only creaming was observed after storage. In particular, there was no creaming for emulsions stabilized by the CNC/LAE complex containing 0.6 wt % LAE, even after 30 days. Thus this system was best in emulsifying and stabilizing the Pickering emulsion. It is well known that droplet creaming to oil coalescence is more sensitive in large-droplet systems.^[@ref51]^However, although the diameter of droplets in the current Pickering emulsions was quite large, at least when compared with other Pickering systems, the emulsions were nevertheless extremely stable to coalescence at the given LAE concentration: The complexes resisted interfacial disruption by gravity, collision, and other effects during storage. On the contrary, the strong electrostatic repulsion between droplets resulted from a high surface charge that contributed to the resistance to oil coalescence. It is worth noting that the emulsion with 0.6 wt % LAE (in the absence of CNC) was stable for 7 days but showed oil coalescence after 30 days ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.8b00233/suppl_file/bm8b00233_si_001.pdf)). Thus, the combination of CNC and LAE leads to stable emulsions, much more effectively than when CNC or LAE are used alone.

[Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} shows the CLSM images of Pickering emulsions after 7 days of storage. For samples containing 0, 0.05, and 0.1 wt % LAE, significant oil coalescence occurred. From [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, oil droplets kept their shape and were distributed homogeneously during storage in most of emulsions, except those containing 0.15, 0.19, and 0.20 wt % LAE, which also formed irregular droplets at the high oil loading. The diameter of the droplets was similar to that obtained by light scattering and indicated clustering, given the high oil concentration and large droplet diameter. The droplets observed in CLSM confirmed the stability of Pickering emulsion after storage. In summary, no phase separation was visible for CNC/LAE-stabilized Pickering emulsions after long-term storage, making them suitable for food-grade emulsion formulations. Remarkably, oil-in-water Pickering emulsions containing concentrated edible oil that is stable against oil coalescence during storage has not been reported, to our knowledge; therefore, the results in this study open an opportunity for CNC for the formulation of such systems.

![CLSM images after storage for 7 days of CNC/LAE-stabilized Pickering emulsions containing 50% v/v sunflower oil at fixed CNC concentration (0.27%) and given LAE loading, as indicated below each image. The oil phase was stained with Nile red prior to observation. The scale bar corresponds to 40 μm. All samples were stored under ambient conditions.](bm-2018-00233k_0008){#fig8}

Conclusions {#sec4}
===========

Stable sunflower oil-in-water Pickering emulsions of high oil phase content (WOR = 1) were successfully prepared by combining CNC and a food-grade cationic surfactant, LAE. The binding interactions between CNC and LAE were systematically investigated by ITC along with other techniques. They revealed the profound influence of CNC/LAE complexes on the colloidal behavior of the aqueous suspensions and the stabilization of oil--water interfaces. The surface properties and aggregation state of CNCs, especially in relation to their emulsifying ability, were controllably tuned by incorporating LAE molecules, making the complexes better Pickering stabilizer at proper LAE addition levels. Pickering emulsions were stable against oil coalescence in the presence of small amounts of LAE. At intermediate LAE concentrations, less stable Pickering emulsions were produced, evolving to larger droplet size during storage (droplet creaming to oil coalescence). Further increasing LAE loadings, Pickering emulsions with fine droplets and high stability were obtained. A dual droplet system was observed under such conditions (LAE- and CNC/LAE-stabilized oil droplets). Long-term stability of the prepared Pickering emulsions was attained after storage for at least 1 month. The underlying stabilization mechanism was found to critically depend on the type of complex formed, the type of LAE structure adsorbed on CNC (adsorbed surfactants or admicelles), the presence of free LAE, and the nature of the oil (sunflower and dodecane oils studied in this work). Our results provide an example of an eco-friendly CNC modification strategy by combining a food-grade cationic surfactant and a simple preparing protocol. The successful formulation of edible CNC/LAE-stabilized and concentrated Pickering emulsion paves a way in food manufacturing with tunable and functional properties based on Pickering systems.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.biomac.8b00233](http://pubs.acs.org/doi/abs/10.1021/acs.biomac.8b00233).Conductometric titration curve of CNC; morphology of CNC/LAE complexes; rheology and ζ-potential of CNC/LAE-stabilized Pickering emulsions; droplet size distributions of emulsions stabilized by LAE and CNC/LAE complex, respectively; fluorescence images of simultaneous observation of CNC and dodecane in CNC/LAE-stabilized dodecane-in-water emulsion; and visual appearance of CNC/LAE- and LAE-stabilized emulsions after storage, respectively. ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.8b00233/suppl_file/bm8b00233_si_001.pdf))
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